We report the development of a new technique (magnetic gradiometry) for satellite-based remote sensing of the lithosphere. The measurements reported here represent the first systematic measurements of lithospheric magnetic field gradients, and were collected from a spinning spacecraft. The three-satellite ST-5 mission collected vector magnetic field observations at 300-800+ km altitudes over mid and high-northern latitudes in 2006.
Background
The launch of the Space Technology 5 (ST-5) constellation on 22 March 2006 lofted three satellites whose only scientific instruments consisted of boom-mounted vector fluxgate magnetometers. For an overview of the mission, and the performance of the magnetometers, the reader is directed to Slavin et al. (2007) .
Satellite constellations enable the efficient collection of in situ measurements over large volumes of space. In the case of the magnetic field, constellations enable the separation of temporal from spatial effects. Our approach has been to remove temporal effects by sampling the magnetic field at the same instant from spacecraft separated by a distance comparable to their altitude above the surface. The European Space Agency has under development Swarm, a three-satellite constellation (Olsen et al., 2006 ) that will make high-precision magnetic field measurements. Although both the ST-5 and Swarm constellations are designed to map the Earth's magnetic field, they employ radically different design approaches. The merits and drawbacks of these approaches are further reviewed in the discussion.
New gradient observations
The ST-5 spacecraft are spin-stabilized (20 rpm), and the sun sensor achieved accuracies of 0.1-0.3 degrees relative to the spacecraft body. Because of the dawn-dusk orbit, the sun sensors have a view of the sun throughout each orbit. Lacking a GPS, the spacecraft locations were determined via tracking with location accuracies of 1-10 km or better. The largest errors are at perigee with along-track errors > vertical errors > cross-track errors.
A 1 km orbit error (Langel and Hinze, 1998) translates into, at most, a 28 nT field magnitude error if the error is vertical, 6 nT if the error is along track, and 5 nT if across track. Orbit determination solutions until 3 May 2006 were based on propagating one orbit solution per day. After 3 May the orbit solutions were propagated for 2-3 days. As will be demonstrated in this paper, field magnitude and gradient errors are considerably smaller than expected until 3 May. A magnetic cleanliness program, and preflight calibration at the GSFC magnetic test facility, ensured that spacecraft fields amounted to less than 1 nT at the magnetometer location. Data processing involved in-flight calibration, and despinning the data into an inertial coordinate system (Slavin et al., 2007) . The in-flight calibration was against the current, spherical harmonic degree 13, International Geomagnetic Reference Field (IGRF) (Macmillan and Maus, 2005) . The gradients are calculated by first determining the total anomaly field (T) from each
whereF is the unit vector in the direction of F, the magnitude of the (largely) noncrustal IGRF field and T is the residual field vector after removal of the IGRF field.
The gradient (Ĝ ) is then calculated by differencing these total field anomaly measurements from the nearby spacecraft at the same instant in time, normalized by the interspacecraft distance (d). The gradient is thus defined as
where the subscript indicates the spacecraft.
We report here only the gradient measurements between the two trailing spacecraft (094 and 224) of the constellation because their separation distance was comparable to their altitude. In contrast, the leading spacecraft (155) had much larger separations, up to 5000 km, from the two trailing spacecraft. The ST-5 gradient data for the two trailing spacecraft consist of 726158 observations at altitudes below 800 km (the approximate limit for lithospheric field sensing), and are available at http://geodynamics.gsfc.nasa.gov/research/purucker/st5_gradients.html
Results
The gradient measurements were validated by comparison with the Comprehensive (CM4) field model (Sabaka et al., 2004) , a model of the quiet-time, near-Earth magnetic field which includes internal and external sources, associated induced contributions, and toroidal magnetic fields. CM4 was derived using data from satellite mapping missions The comparison entailed calculating the linear correlation coefficient (Press et al., 1996) , with a correlation coefficient (r) of 1 representing perfect correlation, 0 representing no correlation, and -1 representing perfect anti-correlation. These correlation coefficients were based on all low altitude data (< 400 km) from the mission. The data were first assembled into bins measuring 10 degrees in latitude by 20 degrees in longitude in nonpolar regions, and correspondingly larger in the polar regions. The measured gradients shown in Figure 1a represent low altitude (< 400 km) measurements from the ST-5 mission that exhibit a correlation coefficient in excess of 0.5. Away from the auroral oval, and over the continents, the gradients are dominated by lithospheric magnetic fields, and commonly exhibit correlations of between 0.5 and 0.9 with the previously determined lithospheric field from CM4. The difference between continental and oceanic correlation coefficients is expected because continental magnetic fields of lithospheric origin are usually stronger than oceanic magnetic fields by a factor of two or more (Maus et al., 2007) . This difference was not recognized from the Magsat results (Langel and Hinze, 1998) because of Magsat's higher noise levels compared with CHAMP. The appearance of this difference in the ST-5 results suggests that the quality of the data, for lithospheric field studies, is superior to that from Magsat. Although the quality of the ST-5 results is high, there exist significant biases between the observed and predicted gradients, which we ascribe, in part, to orbit errors. The linear correlation coefficient is not very sensitive to the presence of these biases. These biases can be seen by comparing These are areas in which the ST-5 data could improve upon existing magnetic fields models.
Joint seismic-magnetic model
Global magnetization models represent an integration of compositional and thermal models of the crust and mantle with crustal magnetic field measurements from satellite.
We have previously used (Fox Maule et al., 2005 ) the 3SMAC (Nataf and Ricard, 1996) compositional and thermal model of the crust and mantle as a starting model, and modified it in an iterative fashion with the satellite data until the magnetic field predicted by the model matches the observed magnetic field. A unique magnetic crustal thickness solution is obtained by assuming that induced magnetizations dominate in continental crust, using a model to describe the oceanic remanence, and assuming that vertical thickness variations dominate over lateral susceptibility variations. A starting model is necessary to constrain wavelengths obscured by overlap with the core field (Spherical harmonic degrees 1-14), and to ensure that most magnetic crustal thicknesses will be nonnegative.
The model-making procedure is as follows: The total anomaly field is calculated from this starting model under the assumption of a constant magnetic susceptibility of 0.04 SI, and long wavelength fields (spherical harmonic degree < 15) are removed, simulating a main field removal. The observed and modeled satellite fields are differenced, and the difference is converted to a magnetic crustal thickness. The starting model is then updated to reflect this change, and the process continues until the predicted magnetic field reproduces the observed field at the level desired. The process is non-linear because the total anomaly field is used, and because of the high-pass filter. Our crustal thickness codes and models are available at http://planetary-mag.net/crustal_thickness_codes.
Instead of using the ST-5 field or gradient measurement directly, we base the following analysis on the MF-5 crustal field model (Maus et al., 2007) . We do this for two reasons: 1) our analysis requires a global data set, and 2) some unmodeled external fields remain in the ST-5 data. MF-5 is constructed from six years of CHAMP satellite data, and includes spherical harmonic terms up to degree and order 100 (wavelength = 400 km).
Subsequent to the publication of 3SMAC and our initial investigations, improved seismic models of North America (Chulick and Mooney, 2002) have become available which we use here to locally improve the global starting model. The crustal thickness (without including sediments) was extracted ( Figure 3 , center, shows their distribution and the inferred crustal thickness) from this model, binned and averaged in two degree blocks, and then a surface of continuous curvature with tension = 0.35 was fit to the averages.
This allows for a direct comparison with 3SMAC and our magnetization model, both of which are developed on a two degree grid. The final magnetic crustal thickness over SW North America calculated using this starting model, updated using the MF-5 magnetic model, is shown in Figure 3 (right), with residuals between predicted and observed magnetic fields of less than 0.5 nT.
Discussion
The magnetic thickness map clearly shows the SW edge of the thickened crust of the Great Plains, the thickened crust under the Colorado Plateau, the relatively thinned crust between these two areas in which the Rio Grande rift is located, and the thin crust of the Gulf of California. All of these are in agreement with the seismically determined thicknesses summarized in Chulick and Mooney (2002) , and with other compilations.
The thickest parts of the Colorado Plateau crust are in the middle of the Colorado Plateau, in northernmost Arizona and SE Utah, and average about 45 km. These areas correspond to the highest, and most uniform, topography on the Plateau, in contrast to the higher relief prevalent in most of Utah. This provides some support for theories which relate the uplift to crustal thickening. While the magnetic approach is incapable of the spatial resolution of the seismic technique, it offers a 2-D view which can only be duplicated by multiple seismic surveys. An alternative interpretation of the magnetic field observations would relate them to enhanced magnetic susceptibilities (Hemant and Maus, 2005 ). This in turn implies compositional differences between the Colorado Plateau crust and surrounding regions. However, crustal compositions, as inferred from seismic velocities by Parsons et al. (1996) Bounds on the ephemeris error of the ST-5 orbit can be estimated from the residual statistics of the total anomaly field. As can be seen from Figure 1 , non-lithospheric fields dominate at high magnetic latitudes. Far-field effects of the polar electrojet can be seen to magnetic latitudes as low as 50 degrees (Maus et al., 2007) . This is evident in the calculated RMS values of the total anomaly field residuals (Table 1) , which are about 12 nT when considering magnetic latitudes equatorward of 50 degrees. This implies an RMS tracking accuracy of better than 2-3 km at perigee, if the orbit errors are primarily alongtrack. The RMS residual of interspacecraft difference dataĜ d  is considerably less (Table 1) , about 6 nT. We identify two reasons for this improved RMS misfit relative to that associated with the total anomaly field. First, location errors will be correlated between the two nearby ST-5 spacecraft because they are identical, have almost identical pointing, and would be expected to experience very similar drag histories. This introduces a serial correlation of the errors. Second, the gradient measurement suppresses the longer wavelength features at the expense of shorter wavelength features.
Improvements in the ST5 measured fields, and associated gradients, could be achieved by improving the ephemeris information. This has been possible in a deterministic sense as discussed in the previous section. It might also be possible in a stochastic sense using a Brownian Bridge algorithm (Jackson et al., 2000) . In this approach, the satellite is assumed to have a fixed (and known) position at times of range determination. The position errors, and the covariance of those errors, grow and decay with time as a function of distance from those range determination locations.
Historically, spinning spacecraft have been seen as unsuitable platforms for performing scientific-quality geomagnetic observations (Langel and Hinze, 1998) 
